Conifers dominate vast regions of the Northern hemisphere. They are the main source of raw materials for timber industry as well as a wide range of biomaterials. Despite their inherent difficulties as experimental models for classical plant biology research, the technological advances in genomics research are enabling fundamental studies on these plants. The use of laser capture microdissection followed by transcriptomic analysis is a powerful tool for unravelling the molecular and functional organization of conifer tissues and specialized cells. In the present work, 14 different tissues from 1-month-old maritime pine (Pinus pinaster) seedlings have been isolated and their transcriptomes analysed. The results increased the sequence information and number of full-length transcripts from a previous reference transcriptome and added 39 841 new transcripts. In total, 2376 transcripts were ubiquitously expressed in all of the examined tissues. These transcripts could be considered the core 'housekeeping genes' in pine. The genes have been clustered in function to their expression profiles. This analysis reduced the number of profiles to 38, most of these defined by their expression in a unique tissue that is much higher than in the other tissues. The expression and localization data are accessible at ConGenIE.org (http://v22.popgenie.org/microdisection/). This study presents an overview of the gene expression distribution in different pine tissues, specifically highlighting the relationships between tissue gene expression and function. This transcriptome atlas is a valuable resource for functional genomics research in conifers.
INTRODUCTION
Conifers are a clade of gymnosperm plants that appeared approximately 300 million years ago. They are characterized by their reproductive structures called cones. More than 650 species of woody plants are considered conifers. Most of these are evergreen trees although there are some shrubs and deciduous species. Conifers include species of enormous size and some of the oldest living plants, as the bristlecone pine (Pinus longaeva) in eastern Nevada, which is approximately 5000 years old (Taylor et al., 2009) . The following inherent characteristics make conifers difficult model organisms: long-lived species with long life cycles, large population sizes with a high degree of heterozygosity, gigantic genomes and recalcitrance for genetic transformation (Uddenberg et al., 2015) . However, despite these 'experimental obstacles' there is a notable interest in conifers because coniferous forests cover vast regions of the Earth, play an essential role in the sustainability of the planet, and they represent the most important source of raw materials, such as wood, timber and a variety of resins (Farjon, 2010) .
The emergence of technological advances in biology is enabling research in 'non-conventional' model plants such as conifers. The propagation of selected genotypes and the generation of conifer transgenic lines have been performed via somatic embryogenesis (Klimaszewska et al., 2016) . Additionally, the use of transformed cell cultures induced to differentiate tracheary elements has been used to study and manipulate conifer phenylpropanoid metabolism . The reduction of costs and the increasing performance of next generation sequencing technologies have generated diverse omics resources in conifers, such as the draft genome sequences for Picea abies (Nystedt et al., 2013) , Picea glauca (Warren et al., 2015) , Pinus lambertiana (Stevens et al., 2016) and Pinus taeda (Neale et al., 2014) each with an approximate genome sizes of 20-30 Gigabases. One of the most interesting findings is the enormous accumulation of transposable elements (TEs) in conifer genomes, while the number of protein-coding genes is similar to angiosperms (Nystedt et al., 2013) .
Notwithstanding the recent achievements in conifer genomics and molecular biology, there are still gaps in the functional genomics of tissues and specialized cells. In angiosperms, this has been solved through the use of laser capture microdissection (LCM) combined with omics techniques, such as microarray hybridization and RNASeq, which results in detailed gene expression maps of tissues and cells (Gautam and Sarkar, 2015; Pattison et al., 2015; Jardinaud et al., 2016) . The LCM technique allows the isolation of tissues and cells from a biological source for the subsequent extraction of nucleic acids, proteins (Zhu et al., 2016) or metabolites (Li et al., 2007; Jyske et al., 2015) . This powerful method allows one to study the localization of processes in highly specialized tissues such as plant meristems (Frank et al., 2015; Harrop et al., 2016) . Beyond this, there is a trend among tissue-specific distribution studies to develop omics techniques to study single-cell functional genomics (Junker and van Oudenaarden, 2014) .
Against this background, there is limited information about gene expression localization using LCM in conifers. LCM has been mainly used as a tool to explore the content of secondary metabolites in vascular tissues (Li et al., 2007 (Li et al., , 2012 Abbott et al., 2010; Hamberger et al., 2011; Kuroda et al., 2014; Schollaen et al., 2014; Jyske et al., 2015) . LCM followed by RT-qPCR has been previously used to study the expression of genes involved in the metabolism of terpenoids (Abbott et al., 2010; Hamberger et al., 2011) . However, only one report describes the use of LCM in combination with transcriptome analysis (Cañas et al., 2014) .
The present work represents an attempt to fill in these gaps by studying tissue-specific transcriptomes in a conifer species. Maritime pine is a conifer tree from the southwestern Mediterranean region that forms large forests in Portugal, France and Spain and is an important source of timber and resins for the forest industry. The following significant genomic resources have been generated for this conifer species: an oligonucleotide microarray (PINARRAY3) for whole-transcriptome analysis (Cañas et al., 2015) , a reference transcriptome (SustainPineDB, http://www.scbi.uma.es/sustainpinedb/home_page; Canales et al., 2014) and the ongoing sequencing and assembly of its genome in the frame of the ProCoGen project (D ıaz-Sala and Cervera, 2011) . The technical basis for LCM in maritime pine followed by high-throughput sequencing was established in a previous work (Cañas et al., 2014) . The aim of the present work was to determine the transcriptomes of different tissues in P. pinaster seedlings. This developmental stage has been extensively characterized (Todd and Gifford, 2003; Cañas et al., 2016) and contains an excellent representation of the different types of tissues in conifers. The present transcriptomic data complement the previous reference transcriptome (SustainPineDB). The sequence information and the number of full-length protein-coding transcripts have increased significantly. At the functional level, the analyses provide an overview of gene expression localization and gene clustering based on their co-expression in different tissues. The obtained results highlight the relationship between tissue expression and gene function. Furthermore, the data show tissue-specific expression of TEs. The transcriptome sequences and expression localization data are accessible at ConGenIE.org (Sundell et al., 2015;  http:// v22.popgenie.org/microdisection/). The data are included in the exImage tool to facilitate their visualization and understanding.
RESULTS

LCM and 454 sequencing data processing
Fourteen different tissues from 1-month-old seedlings were isolated using LCM (Figure 1 ). This stage in the tree's life represents an excellent sample to obtain total RNA with good quality from LCM isolated tissues. Because of the lack of a reference genome for P. pinaster the 454 sequencing technology was chosen to obtain long reads to complement the existing transcriptome (Canales et al., 2014) . A procedure for LCM was required; cDNA synthesis and amplification were utilized for the 454 sequencing of these samples (Cañas et al., 2014) . Due to the use of polyT primers for the initial reverse transcription, the obtained reads were biased to the 3 0 region of the transcripts in many of the sequencing runs ( Figure S1 ). Following sequence data pre-processing, the vascular root (RV) library rendered the highest number of reads (1 567 275) and the developing root cortex (DRC) library the lowest (553 392). All the reads were used for transcriptome assembling and produced 111 162 contigs that were used together with 15 648 sequences from PlantGDB (www.plantgdb.org; Dong et al., 2004) and 210 513 contigs from SustainPineDB (Canales et al., 2014) to compose a high quality reference transcriptome of 206 574 unigenes (see Experimental procedures for details). The resulting reference transcriptome (ProCoGenDB) and complete SustainPineDB were analysed with the latest version of FullLengtherNext software (Lara et al., 2007; Velasco et al., 2015) to evaluate the quality of the present P. pinaster transcriptome ( Figure S2 ). The number of unigenes is higher in SustainPineDB than in ProCoGenDB; however, the lengths of the transcripts are higher in ProCoGenDB, the average length was increased from 495 nt to 623 nt. These data support a decrease in the transcript fragmentation of individual genes in ProCoGenDB in regard to SustinPIneDB. Although the number of sequences with an orthologue is lower in ProCoGenDB (54 007) than in SustainPineDB (64 603), the number of full-length transcripts is higher in ProCoGenDB (20 062) as their average length (from 1317 nt to 1469 nt). Finally, the number and size of the unigenes without an orthologue is higher in ProCoGenDB with a considerable increase in unknown transcripts longer than 500 nt (29 703). Since the total number of sequences without orthologue was slightly increased in ProCoGenDB respect to SustainPineDB (from 113 201 to 114 395, less than 1%) we could consider that the de novo assembly did not introduce significant genomic contamination. Interestingly, this group of unigenes could be a start point for future works of lncRNA cataloging in conifers.
The ProCoGenDB was annotated using BlastX against Arabidopsis thaliana TAIR10, Populus trichocarpa v2.1, Pinus lambertiana v1.0 and P. taeda v1.1 protein databases to facilitate access of conifer researchers' community to our transcriptomics data at ConGenIE.org (Table S1 ). The summary of the annotation results can be found in the Figure S3 . Only 69 555 contigs had at least one gene ontology (GO) term.
Read and transcript count analyses
To analyse gene expression, the reads were mapped against the reference transcriptome and subsequently normalized. After mapping reads, there are 108 471 contigs with at least one count per million of reads (CPM) in at least one library (Table S2 ). The reference transcriptome sequence is available at ConGenIE.org. Additionally, the expression data, which can be analysed with the exImage tool, also located at ConGenIE.org. Figure 2 shows this representation that allows easy visualization and localization of transcript expression.
To reduce false positives and statistical errors the mapping read counts were filtered. After the filtering process, the 23 493 transcripts with at least 25 CPMs in at least one library (Filt25) were retained (Table 1 and Table S3 ). Interestingly, the number of transcripts with reads in all libraries did not significantly change from 2397 in the nonfiltered data to 2376 in Filt25 pool (Table S4 and Figure S4b) . The number of genes expressed in only one tissue was 986 (Table S5 ). The complete results of the read filtering process are described in Supplemental Results S1 including validation RT-qPCRs and in situ hybridizations (Figures S5, S6, S7 and S8) .
Library comparison and functional annotation of Filt25
The different tissues were compared via Spearman rank correlations and hierarchical clustering based on their transcript profiles (Figure 3a ). The tissues with higher correlations were the root apical meristem (RM), DRC and developing root vascular (DRV). Other strong correlations were between emerging needles (EN) and root meristem (RM); young needles vascular (YNV) and hypocotyl vascular (HV); and cotyledon mesophyll (CM) and hypocotyl pith (HP). The number of common transcripts in tissues taken two by two but not expressed in the rest of tissues is represented in Figure 3 (b). The two tissues that share the largest number of transcripts (509) are apical meristem (AM) and hypocotyl cortex (HC).
After the Filt25 processing, the retained transcripts were functional annotated via GO ( Figure S9 and Table S6 ). The tissues were also compared by Spearman rank correlations Figure 2 . Image capture using the exImage tool at ConGenIE.org (http://v22.popgenie.org/microdisection/) that shows the expression magnitude and tissue localization for an S-adenosylmethionine synthetase gene (SAM: unigene882) in pine seedlings. and hierarchical clustering based on their false discovery rates (FDR) values in a singular enrichment analysis (SEA) with GO terms (Figure 3c ). The tissues with higher correlations were RM, DRC and DRV (between 0.77 and 0.81). Other strong correlations were found between CM and HP (0.76); CM and young needle mesophyll (YNM) (0.72); HP and HV (0.72); and YNV and HV (0.72). Overall, the tissues can be classified in three main clusters. The first cluster is formed by shoot AM, root cortex (RC), EN, DRC, DRV and RM. The second cluster contains HC, CM, HP, YNM and cotyledon vascular (CV). The remaining tissues and the group of genes expressed at the same time in all the tissues (ALL) compose the last cluster. The complete list of significant GO terms shared by tissues of the three clusters is shown in Table S7 . The most representative biological processes in the three clusters are presented in the Figure 3(d) .
All the tissues shared 36 significant GO terms (Table S8 ). All of these GO terms except 'Intracellular membranebounded organelle' (GO:0043231) were also significant in the group composed of the genes with ubiquitous expression in all tissues ( Figure S10 and Table S7 ). The significant GO terms shared by all the tissues are focused on transcription and translation. However, in the group of genes expressed in all the tissues, the number of significant GO terms is much higher (307). The main functions are related not only to transcription and translation but also to ubiquitination, energetic balance, basic metabolic processes and response to stimulus (Table S7) .
Gene co-expression analyses
To examine the relationships between transcripts and tissues, a gene co-expression analysis was developed using the R package WGCNA (Langfelder and Horvath, 2008) .
Due to the complexity of the experiment, 39 eigengene modules were identified including a non-real module (grey), where the transcripts that did not match the selected analysis criteria were placed (1466 transcripts) (Figures 4 and S11 and Tables 2, S3 and S9). Each module was named with a colour by WGCNA. The module with the highest number of transcripts was turquoise (2281) and the plum1 module had the lowest (40) ( Table 2) . Each module was characterized by a specific expression profile (Figure 4) . According to this analysis, the genes expressed exclusively in a determined tissue are grouped in the same module, e.g., the 386 genes only expressed in HP are in the brown module (Table 2) , which is a module characterized by genes with increased expression in the HP (Figure 4) . The relationship between modules and tissues was analysed through Pearson correlations ( Figure 5 ). There were several modules with Pearson correlations near 1 for a specific tissue (salmon/DRC, grey60/DRV, magenta/EN, green/YNM, tan/HV, black/CV, turquoise/RV, brown/HP, pink/AM, blue/HC and greenyellow/RC) ( Figure 5 ). The same analysis was carried out to group the tissues by function and/or organ ( Figure 5 ). These results gave additional information about the relationships between the modules with the tissues and contribute to understand the functional role of the genes integrating the modules. Several modules have good correlation indices for photosynthetic tissues, with three having indices higher than 0.5; these included darkgreen (0.71), skyblue3 (0.62) and darkolivegreen (0.57). Interestingly, two modules have strong correlations with meristems, purple (0.85) and pink (0.72). There are also some modules with negative correlations with functions or organs. The only significant negative correlation was between cyan and height (À0.56), which was consistent with the strong positive correlation between cyan and root (0.63).
Eigengene module functional analyses
The functional relationships were studied inside the modules with the GO term annotations and SEA. The annotations of the modules are presented in the Tables 3 and S9. Fisher's exact test revealed a number of modules with a significant number of TEs (blue, brown, darkred, greenyellow and tan). In the case of the blue and darkred modules, they represented the 58.3% and 48.1% of the annotated transcripts respectively. These values are much higher than the average value for the percentage of TEs in the annotated transcripts (6.6%).
After the SEA analysis, the significant GO terms were used to analyse the functional relationships between modules through Spearman rank correlations and hierarchical clustering based on their FDR values ( Figure 6 ). In this case, the P-values for the GO terms annotated in the genes of the modules were used for the analysis. The results showed four main groups of modules based on functions. The first group is characterized by GO terms involved in the nucleotide binding and is composed of darkolivegreen, darkorange, darkturquoise, lightgreen, magenta, skyblue3
and orange modules. The second group is composed of midnight, pink, purple, skyblue, grey and violet modules. The three last modules formed a subgroup that only shares cellular component GO terms (intracellular and cytoplasmic part) apparently without any relevant function. However, midnight, pink and purple modules shared GO terms involved in gene expression or RNA metabolism and in one-carbon metabolism. The royalblue, darkgreen, green and yellow modules composed the third cluster. The royalblue module only shared with the rest different chloroplast cellular components as 'thylakoid' but the rest of modules appear to be also involved with photosynthesis. The last important cluster was composed by steelblue, saddlebrown and sienna3 modules. Among their GO terms must be highlighted two; peptidase activity and proteolysis.
Analyses of TEs in the enriched modules and genomic survey
The sequences of the TE enriched modules (blue, brown, darkred, greenyellow, and tan) were analysed against the Repbase database using the CENSOR tool (Kohany et al., 2006) to identify their TE family compositions (Table S10) . In all the modules, the long terminal repeats retrotransposons (LTR)-Copia family was more represented than the LTR-Gypsy family, ranging from 23.53% to 31.88% of the total TEs in the module. The LTR-Gypsy elements were between 9.09% to the 21.28%. Other LTR retrotransposons accounted for the 1.74% to the 4.26% of the TEs except in the blue module where they were the 16.97% of the TEs. The structure of the main LTR families (Copia and Gypsy) seems to be the same that has been previously described for other plants although in the two best examples of these kind of TEs different ORF were found instead of an unique ORF coding for a polyprotein (Figures 7a and S12). Although there were members of almost all the LTRGypsy and LTR-Copia subfamilies, the phylogenetic analyses showed that most LTR elements found in the modules are classified into conifer subfamilies (Figure 7b , c, S13 and S14). This was better observed in the LTR-Copia family where the phylogenetic classification was clearest and a big expanded group of conifer elements (not very far from MAXIMUS subfamily) accounted for most of the LTR-Copia elements in the modules.
The genomic survey of the TEs in P. pinaster showed that they account for the 45.95% of the sequences being the 42.62% LTR elements ( Figure 7d , Table S11 ). The LTRGypsy is the most abundant (15.81%) followed by LTRCopia family (13.59%) and other LTR retrotransposons (13.22%). The amounts of the others TEs were very low except for LINEs (2.55%) having only a 0.12% of other non-LTR retrotransposons and a 0.6% of DNA TEs.
Myb-R2R3 subfamily expression profiles
The Myb-R2R3 family has been selected as an example of TF family because include members controlling the expression of nitrogen (N) metabolism and secondary metabolism related genes in conifers (G omez-Maldonado et al., 2004; Bedon et al., 2007; Bomal et al., 2008; Canales et al., 2012; Craven-Bartle et al., 2013) . In the Filt25 pool, we have identified 58 unigenes annotated as Myb-R2R3. Among them, only eight have been numbered and studied in conifers (PpMyb3, PpMyb4, PpMyb5, PpMyb8, PpMyb9, PpMyb10, PpMyb13 and PpMyb20) (Bedon et al., 2010) . The expression profiles of these TFs are shown in a heatmap with normalized intensities (Figure 8 ). There were three main clusters of Mybs according to their expression. A first group included PpMyb9 with a considerable and ubiquitous expression. A second cluster included PpMyb13 and PpMyb20 with lower and more localized expression levels than the precedent one. The third cluster was the biggest and contained several subgroups depending on the tissue expression profile. The expression of Myb-R2R3s was very localized and with low levels except in one or two tissues. The major subcluster including PpMyb3 and PpMyb4 was mainly defined by the expression at the CM and HP, although depending on the TF, the profile could include other tissues. This was the case of the PpMyb4 which transcripts accumulated at YNM, YNV, CM, HV and HP. Interestingly, another subcluster contained PpMyb5, PpMyb8 and PpMyb10, which were mainly expressed at the hypocotyl tissues.
Expression profiles of genes involved in N metabolism
N metabolism has been extensively studied in pine seedlings Cañas et al., 2016) . The analysis of the expression profiles of genes involved in N metabolism can help to evaluate the robustness of the results and to identify metabolic insights. The expression profiles of 40 genes involved in N metabolism are shown in a heatmap with normalized intensities (Figure 9 ). In general, the expression levels of these structural genes were higher than that of TFs. The heatmap and dendrogram analyses combined with previous data about N metabolism in pine seedlings suggested the existence of four main groups. The first includes glutamine synthetase 1a (PpGS1a), ferredoxin-dependent glutamate synthase (PpFd-GOGAT), glutamate glyoxylate aminotransferase (PpGGAT) and asparagine synthetase (PpAS1). Their expressions were mainly localized in the aerial part of the plant and increased in the photosynthetic tissues. PpGS1a expression was paradigmatic, with no expression or extremely low in the root tissues and high expression levels in YNM and CM. The case of PpAS1 was similar but with an expression peak in the HC. The second cluster accounts for genes with high and ubiquitous expression as PpGS1b, aspartate aminotransferase (PpAspAT1), PpNADH-GOGAT and genes related with photorespiration and/or C1 metabolism such as serine hydroxymethyltransferase (PpSHMT1) Figure 6 . Hierarchical clustering tree and heatmap of the LCM libraries based on their significant gene ontology terms (GO). Box colour shows the Spearman's rank correlation coefficient value. The higher the Spearman coefficient value, more red the box is. Common significant GO terms between libraries of the three main groups obtained in the GO heatmap. (c) in the trees the yellow dots are for P. abies elements, blue dots for P. taeda, red dots for P. pinaster and black dots for angiosperms. Sequences are in the Tables S12, S13, S14 and S15. The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987) . The bootstrap consensus trees inferred from 1000 replicates were taken to represent the evolutionary history (Felsenstein, 1985) . Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The evolutionary distances were computed using the JTT matrix-based method (Jones et al., 1992) and are in the units of the number of amino acid substitutions per site.
(d) Composition of TE families into the modules enriched in TEs and in a genomic survey of P. pinaster.
and the H, T and C proteins of the glycine cleavage system (PpGCSH, PpGCST and PpGLDC). In the third group, the expression was lower and ubiquitous although the transcript levels decreased or disappeared in certain tissues such as YNM or HC. Its composition included genes involved in arginine metabolism such as PII, N-acetylglutamate kinase (PpNAGK), ornithine delta-aminotransferase (PpdOAT), acetylornithine aminotransferase (PpAcOAT), argininosuccinate lyase (PpASL) and argininosuccinate synthetase (PpASSY) but also additional genes such as nitrite reductase (PpNiR), phenylalanine ammonia lyase (PAL1 and PAL2), arogenate dehydratase (PpADT-G) or glutamate dehydrogenase (PpGDH). In the last cluster were included genes having the lowest expression levels and the most reduced profiles such as alanine aminotransferase (AlaAT). In this group, asparaginase (PpASPG) showed transcript accumulation mainly in the roots and a peak in root vascular (RV).
Functional analyses of groups of genes exclusively expressed in a specific tissue
Finally, the enriched functions in the groups of genes only expressed in a specific tissue were analysed using SEA analysis. There were only significant GO terms in HP and in DRC. In the case of HP, only the GO term for DNA metabolic process (GO:0006259) was associated with the large number of TEs expressed in that tissue (Table 3) . It must be noted that the largest group of genes expressed in only one tissue was precisely associated with HP (386). However, in the DRC, the number of transcripts with specific expression was substantially lower, with only 37 transcripts. In this case, 16 different transcripts accounted for five different significant GO terms related to cell wall development: Cell wall organization or biogenesis (GO:0071554), Carbohydrate metabolic process (GO: 0005975), Polysaccharide metabolic process (GO:0005976), Oxidation reduction (GO:0055114) and Cellular carbohydrate metabolic process (GO:0044262) (Figure 10a, b) . The expression of three of these genes (isotig44770, cytokinin oxidase; unigene38849, galactoside-2-alpha-l-fucosyltransferase-like; isotig49023, acidic chitinase-like) has been validated through RT-qPCR (Figure 10c ). In these three cases, there was transcript accumulation in the DRC tissue; however, unigene38849 and isotig49023 were also expressed in the RM, although at lower levels than in DRC in every case (Figure 10c ).
DISCUSSION
Molecular and functional activities in conifers are organized in a complex number of specialized tissues and cells.
The present work provides knowledge on the transcriptomes of conifer tissues by giving information on transcript localization and by providing a gene expression atlas that can be used as a reference for subsequent works. The transcriptomic data can be easily visualized with the exImage tool of ConGenIE.org, which represents a valuable resource in conifer functional genomics (Figure 2 ). This work also complements pre-existing transcriptomic data in P. pinaster, a conifer species of great economic and environmental importance. The present transcriptome increases the length of the sequences and improves the number of full-length transcripts ( Figure S2 , Results S1). It reaches similar results than obtained for well-studied conifer transcriptomes such as in P. glauca (Rigault et al., 2011) .
General considerations about the transcriptome
Diverse analyses have aimed to use a robust pool of reads and transcripts to demonstrate gene expression localization (Results S1). The read count filtering process revealed the existence of a considerable number of transcripts with low expression since the reduction in the number of reads was very limited and did not correlate with the decrease in transcripts ( Figure S4 ). According to this, the AM had more different transcripts and genes expressed only in this tissue that were considerably reduced to similar levels to the remainder of the tissues after count filtering. This result is consistent because the AM is a proliferating tissue that expresses a large number of regulatory genes that usually have localized expression (Bustamante et al., 2016) . Additionally, the proportion of annotated versus non-annotated transcripts increased after filtering. This result suggests the filtering of putative non-protein-coding transcripts with low expression levels. The important role of long noncoding RNAs in plant meristems is widely accepted, although barely studied (Swiezewski et al., 2009; Heo and Sung, 2011; Castaings et al., 2014; Marquardt et al., 2014) . The filtering process revealed that the group of genes with ubiquitous expression does not significantly change based on the CPM filtering indicating that a considerable number of these genes have high expression in at least one tissue. The functions of these genes corresponded to those of housekeeping genes, such as ubiquitination, protein folding, cell growth, transport, energetic production and/or basal metabolic processes such as glycolysis. These Figure 9 . Expression heatmap of nitrogen metabolism genes in different pine tissues. The heatmap shows the expression of N metabolism genes in different tissues from 1-month-old seedlings of P. pinaster. The data are the logarithm of the normalized values with respect to the total mean expression. White boxes correspond to undetected expression. Higher levels of expression correspond to deeper red. Lower levels of expression correspond to deeper blue. Acetylornithine aminotransferase (AcOAT), alanine aminotransferase (AlaAT), arogenate dehydratase (ADT), asparaginase (ASPG), asparagine synthetase (AS), aspartate aminotransferase (AspAT), argininosuccinate lyase (ASL), argininosuccinate synthetase (ASSY), ferredoxin-dependent glutamate synthase (Fd-GOGAT), NADH-dependent glutamate synthase (NADH-GOGAT), glutamate dehydrogenase (GDH), glutamate glyoxylate aminotransferase (GGAT), glutamine synthetase (GS), glycine cleavage system H-protein (GCSH), glycine cleavage system L-protein (GCSL), glycine cleavage system P-protein (GLDC), glycine cleavage system T-protein (GCST), NAGK, nitrate reductase (NADH-NR), nitrite reductase (Fd-NiR), ornithine delta-aminotransferase (dOAT), prephenate aminotransferase (PAT), phenylalanine ammonia lyase (PAL), serine hydroxymethyltransferase (SHMT).
functions are in line with those that have been found in studies focuses on identifying 'housekeeping genes' (Jiao et al., 2009) . This group of genes potentially includes the putative basic machinery that function to maintain cell performance. Not considering the possible constant gene expression level of this kind of genes (most of them do not display this characteristic), these genes can be considered 'housekeeping genes' in the functional definition with implications not only in cell maintenance but also involved in plant development, as previously have been proposed for this kind of genes (Tsukaya et al., 2013) . Finally, the functional enrichment analyses highlighted that the significant GO terms shared by all the tissue samples are included in the group of genes with ubiquitous expression except the 'intracellular membrane-bounded organelle' ( Figure S10 , Tables S6 and S8). In this sense, the genes with ubiquitous expression and annotated with significant functions could be considered to be the 'housekeeping genes' core.
Transcript and tissue sample clusters by expression profile and function
Considering the 14 different tissues (libraries) used in this study, the number of possible gene expression combinations is 16 384 but the number of real profiles was much lower. Obviously, this supports the notion that the gene expression is not randomly organized. The use of WGCNA software broadly reduced the main gene expression profiles. Important numbers of expression profiles and modules (usually the larger modules) are defined by prominent expression profiles that have much higher expression levels in one tissue than in other tissues. This is a common finding within similar works (Downs et al., 2013; Zhan et al., 2015) that highlights the relationships between gene expression and function, and tissue or cell localization. Clearly, this relationship can be better explained when statistical correlations are used ( Figure 5) .
As an example, the mean gene expression profiles of the darkgreen, green and yellow modules were related to photosynthetic tissues that included the pith of the stem, which contain photosynthetic cells (Berveiller et al., 2007) , resulting in significant correlations with photosynthetic tissues (Figures 4 and 5) . The functional enrichment analyses demonstrated that the three modules are composed of genes involved in photosynthesis and in response to light stimulus ( Figure 6 and Table S9 ).
Additionally to photosynthesis, the development and transport were basal functions that clustered gene expression, modules and tissues (Figures 3 and 6) . At the tissue level, three representative significant functions shared by all members of the first tissue cluster (Figure 3 ) supported its developmental function ('Chromatin organization', 'Purine base metabolic process' and 'Protein complex assembly'). Interestingly, there is strong evidence of changes in chromatin organization during cell division and differentiation in plant meristems (Rosa et al., 2014) . At eigengene module level, the midnightblue, pink and purple modules shared functions related to their gene expression profiles with peaks in the meristematic or developing tissues (Figures 3 and 6 ).
An interesting cluster was composed by modules steelblue, saddlebrown and sienna3 enriched in proteolysis and peptidase functions. The genes in these modules were mainly expressed in vascular tissues and they are related with ubiquitination. Interestingly, the tissue correlation analysis generated a cluster mainly composed by vascular tissues, which is defined by 'Proteolysis' and functions related to ubiquitination and proteasome assembly (Figure 3 and Table S7 ). According to this observation, the proteome of Arabidopsis vascular tissues is greatly enriched in ubiquitinated proteins (Svozil et al., 2015) .
Surprisingly, there was a group of modules that share functions related to ATP metabolism ( Figure 6 ). In fact, the strongest correlation index was found in this group. There was no common pattern in gene expression profiles among the modules in this group. Even the biological meaning of these functions can be different depending on the cellular and molecular context. In some groups as darkolivegreen, these functions are associated with kinase activity (GO:0004672), while in others, such as darkturquoise, they are related to the S-adenosylmethionine metabolism (GO:0046500) or to the energetic balance in other modules. Whatever the case, this result highlights the importance of the nucleotide metabolism in most cellular processes (Mathews et al., 2012) .
Transposable element expression and classification
The functional enrichment analyses showed that several modules were significantly enriched in TEs (Table 3 ). This could be caused by genomic contamination as was proposed for the repetitive sequences found in conifer transcriptomics data (Rigault et al., 2011) . However, our methodology and the displayed results do not support that assumption. In the P. pinaster genome, the LTR are the predominant TEs, the LTR-Gypsy being more abundant than the LTR-Copia elements (Table S11) . These results are similar to those found in several conifer genomes where usually the LTR-Gypsy family is more abundant (Nystedt et al., 2013; Wegrzyn et al., 2014) . However, in our eigengene modules, the LTR-Copia family was predominant supporting real expression more than DNA contamination (Figure 7d and Table S10 ). Additionally, the expression profiles of these elements in the modules were very specific with important expression peaks in only one or two tissues. This strongly supports that the expression of these kinds of transcripts is not generalized. Interestingly, most of the expressed LTR elements belong to subfamilies expanded in conifers (Figure 7) . Usually, the TEs suffer silencing by regulatory pathways to avoid massive damage caused by large-scale TE activation (Ito and Kakutani, 2014) . However, TEs have acquired self-regulatory mechanisms like tissuespecific promoters (Joly-Lopez and Bureau, 2014) . Additionally, TEs are involved in a series of relevant processes (response to stress, epigenetic regulation, allelic recombination, etc.). They can also act as gene expression regulators mainly through the exaptation process that relaxes the transcriptional silencing of the domesticated TEs (Rebollo et al., 2012; Joly-Lopez and Bureau, 2014; Chuong et al., 2016; Thompson et al., 2016 ). An interesting suggestion, it is that conifer expanded subfamilies could accumulate a good number of domesticated TEs. Even more, the LTR-Copia subfamily could be composed of a higher number of domesticated elements than LTR-Gypsy subfamily, at least in P. pinaster. In conifer genomes, the involvement of TEs in genome expansion, restructuring and gene regulation can be a major source of evolution due to the large number of these elements in their genomes (Nystedt et al., 2013; Wegrzyn et al., 2014, Table S11 ).
Myb-R2R3 subfamily
The Myb family of TFs is one of the most numerous in plants and Myb-R2R3 is the most abundant subtype. Some members of this subfamily have been studied in conifers into the context of their role in the lignification and wood formation, which is particularly important in these trees . Among the expression profiles identified for the Myb-R2R3 in the present work, a particular one should be highlighted. There is a good number of Myb genes with very localized expression but maintaining at least some levels in CM and HP, which are photosynthetic tissues (Figure 8 ). This group of genes included the conifer Myb3. In P. glauca, the expression of PgMyb3 has been observed in the differentiating xylem of stem and roots from 33-year-old trees supporting a role for this TF in lignification (Bedon et al., 2007) . The widely studied conifer Myb4 was also found in this group of genes but displayed transcript accumulation in more tissues (HV, YNM and YNV) . This conifer gene has also been related with lignification in P. taeda (Patzlaff et al., 2003) , P. glauca (Bedon et al., 2007) and P. pinaster (Craven-Bartle et al., 2013) . The expression localization of this group of Myb-R2R3 suggests a role of the photosynthetic tissues in the production of phenylalanine as the precursor of secondary metabolites. Since phenylalanine synthesis occurs in the plastid (de la Torre et al., 2014) and is quantitatively important in conifers , the production of this amino acid in source tissues would be favored. Interestingly, the results showed that the conifer Myb8 was only expressed in the hypocotyl tissues (Figure 8 ). In P. taeda, P. glauca and P. pinaster, this TF has been proposed as an important regulator of the secondary cell wall biogenesis and lignin deposition (Bomal et al., 2008 (Bomal et al., , 2014 Craven-Bartle et al., 2013) . In P. pinaster, PpMyb8 seems to control the expression of genes involved in the synthesis of phenylalanine (prephenate aminotransferase, PAT), in the use of this amino acid to produce phenylpropanoids (phenylalanine ammonia lyase, PAL) and in the recycling of the ammonium released by PAL (glutamine synthetase 1b, GS1b) (Craven- Bartle et al., 2013) .
Nitrogen metabolism genes
The expression profiles of genes involved in N metabolism are good references to assess the present work as most of these genes have been studied individually in pine seedlings Cañas et al., 2016) . For example, the profiles for PpGS1a and PpFd-GOGAT, mainly linked to photosynthetic tissues, can be accounted among the expected results (Garc ıa-Guti errez et al., 1995; Avila et al., 2001) . A huge expression of AS1 in the hypocotyl cortex has been previously observed in pine seedlings as occurred in the present work ( Figure 9 , Cañas et al., 2006; Canales et al., 2012) . Moreover, a similar pattern of expression was found in the ProCoGenDB data for ASPG, a gene related to vascular and lignified tissues in pine seedlings ( Figure 9 , Cañas et al., 2007) .
Interestingly, we found two main gene clusters related with specific metabolic functions. The first of these was mainly composed of genes related to photorespiration (PpSHMT1 and three members of glycine cleavage system) and N management (PpGS1b, PpNADH-GOGAT, PpAspAT1, PpAspAT3). However the high and ubiquitous transcript accumulation of these genes suggest that they could be involved not only in the photorespiratory pathway but also in the C1 (S-adenosylmethionine) metabolism of nonphotosynthetic tissues as suggested in compression wood formation (Villalobos et al., 2012) . Genes involved in arginine metabolism dominate the second cluster of genes. This amino acid is one of the main N storage forms in conifers being its synthesis dependent of the N status of the plant (Cañas et al., 2008 . A gene encoding PII protein was found in this group together with the N-acetyl-glutamate kinase (PpNAGK) gene (Figure 9 ). PII protein is a sensor of carbon/nitrogen balance in plants and promotes arginine synthesis through the interaction with N-acetylglutamate kinase (NAGK) at high N level (Feria Bourrellier et al., 2009) . Interestingly, glutamate dehydrogenase (PpGDH) was also included in this cluster (Figure 9 ). In plants, GDH has been proposed as a crucial enzyme to maintain acceptable 2-oxoglutarate levels in dark conditions using carbon skeletons from amino acids (Fontaine et al., 2012) . PII action is regulated by the levels of 2-oxoglutarate, a signal of the carbon/nitrogen balance in the plant (Winter et al., 2015) .
Genes expressed in only one tissue
One of the most interesting groups in the present study includes genes whose expression is only detected in one tissue. This kind of genes and their promoters are of particular interest because they can be used as expression markers and to drive tissue-specific expression in transformed organisms as illustrated by the production of cell walldeconstructing enzymes in planta (Park et al., 2016) .
In most of the tissues, these groups of genes have no significant GO terms or even many of them are not directly annotated. However, there are two tissues with significant functions for the genes expressed in only one tissue: HP and DRC. The tissue with the larger group of this kind of genes is HP (386); these genes are involved in DNA metabolic process (GO:0006259). The group in DRC has a reduced number of genes (37) but with several significant GO terms (Figure 10 ). All these functions appear to be related to cell wall organization or biogenesis. This agrees with their localization in DRC, which is a developing tissue. When the expression of some of these genes was verified by qPCR (Figure 10b) , two of these were also expressed in RM, supporting their role in cell wall formation during cell division and/or differentiation (Barrada et al., 2015) . Root growth and appropriate meristem size are reached through a balance between the rate of cell division and differentiation and the antagonist hormones auxin and cytokinin, which control this balance (Schaller et al., 2015) . The groups of genes that display localized expression in the DRC appear to regulate the auxin and cytokinin network in the root apex. The analysis of putative orthologues in Arabidopsis reveals that most of these genes are regulated by auxin and cytokinin ( Figure 10 , Goda et al., 2004; Lee et al., 2007; Shi et al., 2015) . This group also includes two genes that are involved in maintaining adequate levels of both hormones. In fact, one of the genes was annotated as a cytokinin oxidase (CKX; isotig44770), an enzyme that regulates cellular cytokinin level in plants via cytokinin degradation (Hwang et al., 2012) . The other gene encodes for a possible nitrosoglutathione reductase (GSNOR; isotig49705). In plant cells, S-nitrosylation is an enzyme-independent protein modification that can activate or deactivate protein activity and interferes with polar auxin transport and signaling. The GSNOR catalyzes de-nitrosylation, which maintains auxin activity (Shi et al., 2015) .
In conclusion, the present work can be considered as an improved version of the previous reference transcriptome of P. pinaster published in Canales et al. (2014) (SustainPineDB). The actualization of the database comprises the lengthening and assembling of the transcript sequences with gene expression localization. With this information, it has been possible to identify clusters of genes involved in core basal cellular functions and other different groups of genes displaying very specific expression levels and functions. This second type of genes could be used as tools for diverse applications in conifer functional genomics.
One aspect that will require special attention in the future is the role of TEs in conifer biology. The high and differential expression of these genes and their vast number suggest important roles in conifer genomic evolution.
Finally, the present work represents a resource for conifer functional genomics that addresses the nature of individual samples based on its expression profile. Further tissue-specific transcriptomic data are necessary to reach similar dimensions as in model plants (He et al., 2016) , but this is a step in the right direction.
EXPERIMENTAL PROCEDURES Biological material and growth conditions
Maritime pine seeds (Pinus pinaster Ait.) from Oria 6, a genotype of P. pinaster Aiton from the natural population Sierra de Oria (Almer ıa, Spain). Seeds were imbibed in distilled water for 24 h under continuous aeration and germinated in a plastic tray with vermiculite as a substrate. Seedlings were cultivated in a growth room at 25°C and 50/70% relative humidity with a 16/8-h photoperiod and watered twice a week with distilled water. Fourteen days after imbibition, seedlings were individually transferred to a 0.2 L pot with soil and watered twice a week with distilled water. The seedlings were harvested 1 month after the emergence of the shoots over the vermiculite. The seedlings were cut and tissue sections of 5 mm were mounted in a specimen holder with Tissue-Tek optimal cutting temperature (OCT) embedding medium (Sakura Finetek, Alphen aan den Rijn, The Netherlands) and snapfrozen in liquid nitrogen for cryostat sectioning. The frozen samples were stored at À80°C until use.
Laser capture microdissection
The LCM procedure was carried out as previously described in Cañas et al. (2014) . The detailed protocol was as follows: 1 day before the cryostat sectioning, tissue samples were tempered at À20°C. Twenty micrometre thick sections were cut using a cryostat (HM 525, Thermo, Waltham, MA, USA) at À20°C and mounted on PET-membrane 1.4 lm steel frames (Leica, Weztlar, Germany) with the help of a Plexiglass frame-support (Leica). The steel frames containing the samples were used immediately or stored at À80°C until use. Before the microdissection, the samples were fixed in cold 100% ethanol for 10 sec; the OCT was removed in DEPC-treated water for 2 min and refixed in 100% ethanol for 1 min. Subsequently the samples were air dried and used for microdissection. The microdissection was made in a laser microdissector (LMD700, Leica, Germany). The microdissection samples were placed into the caps of 0.5 ml tubes containing 10 ll of lysis buffer from the RNAqueous-Micro RNA Isolation Kit (Ambion, USA). Before RNA extraction all the samples were placed at À80°C. All the RNA extractions from the microdissection of the samples were made using the standard-volume protocol (non-LCM) and DNase treatment for the RNAqueous-Micro RNA Isolation Kit (Ambion, USA). RNA quality, DNA contamination and first quantification was assessed using the RNA Pico Assay for the 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). RNA samples with RNA integrity number (RIN) higher than 7 were used for subsequent mRNA amplification and 454 pyrosequencing. However, RNAs with RIN between 5 and 7 were not discarded and used for qPCR. A RIN of 5 is considered the minimum RIN value to quantify transcript levels (Fleige and Pfaffl, 2006; Abbott et al., 2010) .
Samples from 14 different tissues were isolated by LCM; shoot AM, EN, YNM, YNV, CM, CV, HC, HV, HP, RC, RV, DRC, DRV and root apical meristem (RM) (Figure 1 ).
cDNA amplification
As the amounts of RNA isolated form LCM samples were not enough for 454 pyrosequencing, a previous cDNA synthesis and amplification was made using the Conifer RNA Amplification (CRA+) protocol described in Cañas et al. (2014) .
In the CRA+ cDNA synthesis protocol, the first-strand cDNA synthesis was carried out following the indications of Pinto and Lindblad (2010) . For the first-strand cDNA synthesis, 2.5-10 ng of total RNA were added to a mix with 1 ll dNTPs (10 mM each) and 1 ll polTdeg primer (10 lM, 5 0 -AAGCAGTGGTATCAACGCAGAG-TACTTTGTTTTTTTTTCTTTTTTTTTTVN-3 0 ) in a final volume of 7 ll. The mixture was incubated in a thermal cycler at 65°C for 5 min (using a heated lid). After this incubation, the temperature was decreased to 50°C keeping the tubes in the thermal cycler at 50°C while the RT master mix was prepared (between 1 to 3 min). The RT master mix for each reaction tube included 2 ll of 59 firststrand buffer, 0.5 ll MgCl2 (50 mM), 0.5 ll Mint RT (Evrogen, Moscow, Russia) in a final volume of 3 ll. The 3 ll of RT master mix was added to each reaction tube with the RNA. The reaction mix was gently pipetted. The reaction tubes were maintained in the thermal cycler except for the time necessary to add the RT master mix. Incubation proceeded at 50°C for 60 min. After this time 10 ll of a new RT mix was added to each tube. This RT mix included 2 ll of 59 first-strand buffer, 5.1 ll nuclease-free water, 0.5 ll MgCl 2 (50 mM), 0.6 ll MnCl 2 (100 mM), 1.3 ll PlugOligo-Adapter was added to each tube and mixed by gently pipetting. The reaction tubes were maintained in the thermal cycler except for the time necessary to add the RT master mix. The tubes were incubated at 42°C for 1.5 h.
The synthesized ss cDNA was purified using the NucleoSpin â Gel and PCR Clean-up kit (Macheray-Nagel, D€ uren, Germany) according to the manufacturer's manual. To establish the optimal PCR conditions for the ds cDNA synthesis and amplification four PCR of 25, 28, 31 and 34 cycles were set. Each PCR tube contained 11.5 ll of purified ss cDNA, 4 ll M1 primer (10 lM, 5 0 -AAGCAGTGGTATCAACGCAGAGT-3 0 ) and 12.5 ll iProof ™ HF Master Mix (BioRad, CA, USA) in a total volume of 25 ll. The selected PCR reactions had 25 or 28 cycles. The PCR reactions with the proper appearance were diluted 10 times in nuclease-free water and used for the amplification.
The ds cDNA amplification was carried out by nested PCR. Five reactions of 50 ll were prepared including the following components: 22 ll nuclease-free water, 25 ll iProof TM HF Master Mix, 2 ll polTM1 primer (10 lM, 5 0 -AAGCAGTGGTATCAACGCAGAGTA CTTTTGTCTTTTGTTCTGTTTCTTTT-3 0 ), 2 ll M1ACGG primer (10 lM, 5 0 -AAGCAGTGGTATCAACGCAGAGTACGG-3 0 ) and 1 ll diluted (1:10) ds cDNA from the first PCR step in a final volume of 50 ll. The reaction parameters were a denaturing step at 95°C for 1 min, followed by three cycles of 95°C for 15 sec, 50°C for 20 sec and 72°C for 3 min plus 11 cycles of 95°C for 15 sec, 63°C for 20 sec and 72°C for 3 min. Finally, the five reactions were pooled and purified with the NucleoSpin â Gel and PCR Clean-up kit (Macheray-Nagel, D€ uren, Germany) according to the manufacturer's manual.
The quantity of the amplified ds cDNA was determined using the Quant-iT TM PicoGreen â dsDNA Kit (Invitrogen, Paisley, UK). The quality of the amplified ds cDNA was determined using the Agilent 7500 DNA Kit in the 2100 Bioanalyzer (Agilent).
PYROSEQUENCING
Transcriptome sequencing was performed at the Universidad de M alaga ultrasequencing facility using the GS-FLX+ platform with a GS-FLX Titanium kit, Roche Applied Sciences (Indianapolis, IN, USA). Each sample was run in one half of a 454 PicoTiterPlate following the manufacturer's sequencing protocol.
The quantity of the cDNA libraries was determined using the Quant-iT TM PicoGreen â dsDNA Kit (Invitrogen, Paisley, UK). The quality of the cDNA libraries was determined using the Agilent High Sensitivity DNA Kit in the 2100 Bioanalyzer (Agilent). The runs were analysed using the Roche GS-FLX+ software. The high-throughput sequencing data have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number GSE78263 (http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc=GSE78263).
PYROSEQUENCING READS PRE-PROCESSING, ASSEMBLING AND MAPPING
The 454 sequencing reads were assembled by using Newbler (v2.8.1). Before feeding reads to Newbler, reads were cleaned of adapter sequences and short reads of 75 bp or less through seqclean. Newbler then assembled the remaining reads in six rounds for P. pinaster, until all of the over-represented sequences were removed. CD-HIT-EST (Li and Godzik, 2006) then clustered the Newbler assemblies in each isogroup, which stands for unique transcriptional locus in Newbler assembly result, and selected the longest transcript, which had to be ≥150 bp, to represent each isogroup. Finally, to obtain a reference transcriptome the P. pinaster sequences from PlantGDB (Dong et al., 2004) and SustainPineDB (Canales et al., 2014) were added and grouped with the new assembled contigs (this study) using CD-HIT-EST, using a 90% identity threshold, resulting in a final set of unigenes. The final reference transcriptome had 206 574 contigs. This non-redundant reference transcriptome set consisted of 84 328 newly obtained sequences from this study, 1609 plantGDB sequences and 120 637 sustainePineDB contigs. It is accessible at ConGenIE.org (Sundell et al., 2015;  http://congenie.org/). For the read mapping, the raw data were first checked for quality using the fastqc software. Based on examination of the output quality plots it was decided to clip off the first 35 bp of each read. To that end, we used the FastX toolkit (fastx_trimmer). Next, the reads were filtered for overall quality using fastq_quality_filter with a minimum Q-score of 30 and a minimum remaining length of 60%. The remaining reads were subsequently used for read mapping with the BWA software with the SW algorithm (Li and Durbin, 2010) against the reference transcriptome. The read counts were obtained using the idxstats command of SAMtools (Li et al., 2009) . The expression values and localization data are accessible in the exImage tool of ConGenIE.org (http://v22.popgenie.org/microdisection/). After mapping, the read counts were filtered and normalized with the R package edgeR (Robinson et al., 2010) . Transcripts with 1, 25 or 50 counts per million of reads (CPM) in at least one library were conserved. Normalization was made using the cpm command.
Gene co-expression network analysis
The gene co-expression network analyses were carried out using the R package WGCNA (Langfelder and Horvath, 2008) . The WGCNA used scripts are in the Method S1. Before the network construction the proper soft-thresholding power was determined performing an analysis of the network topology. We use the block-wise network construction option with a soft-thresholding power value of 24. Genes with a kME >0.3 were assigned to an eigengene module or to a grey module if they did not meet the above criteria. The expression profile of each gene by eigengene modules was shown using the R package LSD (Schwalb et al., 2011) .
Transcriptome functional annotation and functional gene enrichment analyses
The reference transcriptome (206 574 contigs) composed by the reads assemblies and the sequences from PlantGDB (Dong et al., 2004) and SustainPineDB (Canales et al., 2014) GhostKOALA was used to include additional K identifiers from KEGG (Kanehisa et al., 2016) . The annotation of the Filt25 working sequence group was independently done using Blast2GO v3 software (Conesa et al., 2005) . The SEA of the GO terms was made in the AGRIGO web tool with standards parameters (Du et al., 2010) . The SEA identifies enriched GO terms in a list of gene identifiers.
Spearman's rank correlations were made with R (https:// www.r-project.org/). The heatmap and hierarchical clustering (Euclidean distance) were made using the R package pheatmap with standard parameters (https://cran.r-project. org/web/packages/pheatmap/index.html).
Transposable element analyses and genomic survey
The TE sequences of the modules significant enriched in TEs were annotated with CENSOR using the plant Repbase (Kohany et al., 2006) . The sequences with scores lower than 1000 were annotated as 'unclassified' (Tables S10 and  S12 ). The sequence structures of the LTR-Gypsy (unigene38265) and LTR-Copia (unigene3007) were determined using the NCBI's web tool BLASTX (Altschul et al., 1997) against the NCBI's nr protein database and then exploring the NCBI's conserved domain database (Marchler-Bauer et al., 2015) (Figure S12) .
The phylogenetic studies of the TEs were carried out using the 100 residues of the reverse transcriptase proposed by Nystedt et al. (2013) . The sequences (33 LTRCopia and 25 LTR-Gypsy) from the modules enriched in TEs are shown in the Table S12. P. glauca and P. taeda LTR-Coipa and LTR-Gypsy sequences were obtained through TBLASTN searches (E-value 1eÀ5 or lower) against their respective genomes (Tables S13 and S14). The sequences proposed by Nystedt et al. (2013) for LTRCopia and LTR-Gypsy were used as query in a first search. Sequences from the P. pinaster modules were used for a second search. In both cases, the best significant hit and several hits with lower identities covering at least 80% of the query were isolated. The sequences for subfamily classification were obtained from Zuccolo et al. (2015) for the LTR-Copia and from Llorens et al. (2009) for LTR-Gypsy (Table S15 ). The alignments were made using MUSCLE (Edgar, 2004) with default parameters at the EMBL-EBI web server (http://www.ebi.ac.uk/Tools/msa/muscle/). The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987) . The bootstrap consensus trees inferred from 1000 replicates were taken to represent the evolutionary history (Felsenstein, 1985) . The evolutionary distances were computed using the JTT matrix-based method (Jones et al., 1992) and are in the units of the number of amino acid substitutions per site. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016) ( Figures S13 and S14) .
The genomic survey was carried out over a DNA genomic 454 sequencing of 753 661 reads with an average read length of 978 nt. The plant Repbase was used as query in a TBLASTX considering positive hits with E-value 1eÀ5 or lower (Table S11) .
qPCR analyses
The primers used for the qPCR reactions are presented in the Table S16. They were designed following the MIQE guidelines and parameters described by Granados et al. (2016) . The qPCR was carried out using SsoFast (1 cycle), 1 sec at 95°C and 5 sec at 60°C (50 cycles) and a melting curve from 60°C to 95°C. The raw fluorescence data from each reaction were fitted to the MAK2 model, which requires no assumptions about the amplification efficiency of a quantitative PCR (qPCR) assay (Boggy and Woolf, 2010) . The initial target concentration (D0 parameter) for each gene was deduced from the MAK2 model using the qPCR package for the R environment (Ritz and Spiess, 2008) and normalized to a reference gene (sp_v3.0_unigene18128; SKP1/ASK1). This gene and their qPCR primers were tested for RT-qPCR experiments (Granados et al., 2016) . For the qPCR analysis, three biological replicates and three technical replicates per sample were made.
In situ hybridization
Hypocotyls of P. pinaster seedlings were fixed in 4% formaldehyde (w/v) and 0.25% (w/v) glutaraldehyde for 3 h at room temperature. The samples were sectioned (10 lm thick) for in situ mRNA localization according to Cant on et al. (1999) and Craven-Bartle et al. (2013) .
A 3 0 -fragment of cDNA encoding for P. pinaster IDH (394 bp), SAM (471 bp), XET (462 bp) and PAL (176 bp) were subcloned into the pGEM â -3Zf (+) vector (Promega, WI, USA) and this construct was used for synthesis of digoxigenin-labelled antisense and sense RNA probes with the DIG RNA Labelling mix (Roche, Basel, Switzerland).
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